We demonstrate a novel imaging approach and associated reconstruction algorithm for far-field coherent diffractive imaging, based on the measurement of a pair of laterally sheared diffraction patterns. The differential phase profile retrieved from such a measurement leads to improved reconstruction accuracy, increased robustness against noise, and faster convergence compared to traditional coherent diffractive imaging methods. We measure laterally sheared diffraction patterns using Fourier-transform spectroscopy with two phase-locked pulse pairs from a high harmonic source. Using this approach, we demonstrate spectrally resolved imaging at extreme ultraviolet wavelengths between 28 and 35 nm.
Introduction
In recent years, coherent diffractive imaging (CDI) has enabled vast progress in high-resolution microscopy [1, 2, 3, 4, 5] . Contrary to traditional microscopy, CDI does not rely on lenses to form an image from scattered light emerging from a sample. Instead, CDI employs numerical phase retrieval algorithms to reconstruct an image based on the recorded diffraction pattern [6, 7] . As the image resolution in CDI is not limited by focusing optics, it is well suited for microscopy using x-rays [8] , extreme ultraviolet (EUV) radiation [4, 5] or electrons [9] . Despite the high-resolution results, the quality of the reconstructed intensity and phase of the images depends strongly on the signal-to-noise of the diffraction pattern [10] . Furthermore, other constraints such as finite support, positivity or atomicity are often required for convergence. This has led to the development of ptychography [11, 12, 13] , which eliminates the need for strong constraints by taking much more data in a systematic manner.
The central challenge in CDI is to acquire knowledge of the phase of the recorded field. Performing a direct measurement of the phase is therefore beneficial, but typically does come at the cost of increased measurement complexity. The main example of such an approach is Fourier transform holography, in which the interference between a reference wave and a diffraction pattern is recorded [14, 15, 16, 17, 18] . Holography allows for a simple image reconstruction which does not rely on iterative algorithms, but the image resolution and support are typically limited by the numerical aperture and wavefront of the reference wave.
Spatial phase determination of optical fields is a challenge that has been addressed in other areas as well. A specific approach that has shown promise in the context of CDI is lateral shearing interferometry (LSI) [19, 20] , a technique that is used to reconstruct the wavefront -or phase profile -of a beam by interfering is with a sheared copy of itself. This results in an interference pattern that depends on the spatial derivative of the wavefront, which can be retrieved by spatial Fourier filtering. The wavefront can then be reconstructed by integration of the measured phase derivative. As a single LSI measurement only yields the one-dimensional derivative of the phase along the shear direction, several measurements with different shears are in principle necessary to retrieve the full 2D wavefront. Furthermore, accurate phase determination is only possible if the individual beams have smooth intensity profiles. The LSI phase profile can also be measured by phase shifting one of the beams and measuring the interference pattern for several phases. Isolation of the oscillating interference term then allows for direct determination of the interference phase. Such a measurement allows for measurement of much more complex interference patterns. It has been shown that a collection of shear interference patterns for varying shears allows for the full reconstruction of the original electric field [22] . Simple numerical propagation of the electric field then enables phase contrast microscopy in various geometries.
In this article, we build upon the concept of lateral shearing interferometry to acquire differential phase information of diffraction patterns recorded with extreme ultraviolet radiation. The resulting diffraction intensity and differential phase information are then used as input for an iterative algorithm, that can reconstruct the full electric field based on a single laterally sheared diffraction pattern. The measurement and reconstruction of these diffraction patterns can be summarized as diffractive shear interferometry (DSI). In comparison with traditional coherent diffractive imaging methods, we find that our approach provides an improved reconstruction accuracy and convergence. For an experimental demonstration of the DSI approach, we measure laterally sheared diffraction patterns at several extreme ultraviolet wavelengths and numerically reconstruct high-resolution images from them. To achieve spectral resolution, we employ spatially-resolved Fourier-transform spectroscopy with a pair of phase-locked high-harmonic generation sources [23] . From these results we find that our algorithm is able to accurately reconstruct complex electric fields even in the presence of significant noise. This results in two far-field diffraction patterns on the camera which are slightly displaced relative to each other. The black region on the screen indicates where the diffraction patterns overlap and interfere.
In traditional CDI, the object is illuminated using a single beam of coherent, monochromatic light. The transmitted or reflected light scatters from the object and forms a diffraction pattern which is captured using a camera. In order to combine CDI with lateral shearing interferometry, we use two identical, mutually coherent beams to illuminate the object at slightly differing angles, as schematically depicted in Fig. 2.1 . For a thin, single-scattering object, the electric fields of the beams can then be written as the electric field of the illumination multiplied by the object transfer function. If dk is the wavevector corresponding to the half angle α/2 between the two beams and X the transverse position in the object plane, the electric field corresponding to a single beam appearing directly after the object can be written
where "+" and "-" correspond to the individual beams as indicated by Fig. 2.1 . Effectively, the fields in Eq. 1 consist of the amplitudeÃ(x) and phaseΦ(x) of the electric field transmitted by the object, multiplied by a linear phase ramp exp(±idkx) that distinguishes the two individual beams. Finally, there is a global phase term exp(iωt ± ). This electric field propagates towards the detector where the interference between E + and E − is detected. In the case of far-field diffraction, the electric field can be described by the Fourier transform of the electric field in the object plane. The detected intensity can then be written as
where the combined amplitude and phase A(k) exp[iΦ(k)] at the camera is related by Fourier transform to the combined amplitude and phaseÃ(x) exp[iΦ(x)] at the object. For simplicity, the time difference between the beams is written as T . Compared to single-beam CDI, the detected intensity in DSI contains more information as it encodes the phase shear in the interference term. This will naturally lead to a more stringent camera-space constraint that can be expected to aid convergence of phase retrieval algorithms [21] . Yet the available information can be exploited more effectively by separating the amplitude and phase terms in the interference term
. This can be achieved by performing measurements at multiple time delays T , as the interference is the only term in Eq. 2 that oscillates at frequency ω. Going one step further, taking a series of measurements as a function of T is equivalent to Fourier transform spectroscopy, and can even be used to extract interference terms for all frequencies present in the case of broadband illumination. Therefore, the proposed DSI approach is intrinsically compatible with polychromatic or broadband light sources such as high-harmonic generation, and can be used for spectrally resolved imaging at extreme ultraviolet wavelengths.
Image reconstruction
To reconstruct an image of the object, retrieval of the full electric field A(k) exp[iΦ(k)] is required. Starting with the isolated interference term from Eq. 2, we will use an iterative algorithm to reconstruct the electric field. This algorithm relies on a set of constraints to the electric field, applied in different planes connected by free-space optical propagation [1, 6, 7] . The first constraint is provided by the measured data: the electric field at the camera plane should be consistent with the measured result. For our second constraint we will use a finite support; the electric field in the object plane is only non-zero in a certain limited window.
In traditional CDI, the most used camera plane operator is the modulus constraint: the amplitudes of the electric-field estimate are set to the measured values, while the estimated phases are preserved. However, in DSI the modulus constraint is not the most suitable operator for reconstructing interferometrically sheared diffraction patterns. This is because the measured intensity pattern
2 of the electric field to be reconstructed. Even though a modulus constraint based on Eq. 2 may be envisaged, it does not take into account the available phase information in an optimal way. We therefore derive a new camera plane operator that makes more efficient use of the amplitude and phase information available in DSI.
Starting with the n th guess of the electric field
at the camera and the complex measured interference pattern
it can be seen that division of the measured data by a sheared copy of the electric field guess yields a new electric field guess
If the original guess of the electric field is accurate, the new electric field guess is in fact equal to a shifted version of the electric field. Therefore, division of the measured data by a negatively sheared electric field guess yields a positively sheared electric field guess. This operation forms the basis of a useful cameraspace constraint for interferometrically sheared diffraction pattern reconstruction. A general camera-space constraint can be written as
which is a linear combination of the old guess and the average of the new guesses for the positively and negatively sheared electric fields. The numerical constant β determines the strength of the correction to the electric field guess and is typically set to 0.9. Instead of a direct division by the electric field E, we multiply by E * /(|E| 2 + α 2 ), where α is a regularization constant that prevents errors arising from division by zero.
In combination with a finite object support, the presented camera-space constraint is sufficient for retrieval of the full electric field. A basic approach to include a support constraint in the algorithm is using the errorreduction method, where all values outside of the support are set to zero. The output-output algorithm and hybrid input-output algorithms provide two alternatives which have been shown to provide different convergence properties [6, 24] .
Comparison between DSI and single-beam CDI
To investigate the efficiency of the proposed phase-retrieval algorithm, we performed simulations comparing DSI to traditional single-beam CDI methods. Example datasets for CDI are produced by simulating far-field diffraction patterns with Poisson noise. We simulated several diffraction patterns with varying signal-tonoise ratio (SNR) by adjusting the total number of collected photons. To account for camera readout noise, we added Gaussian background noise with a standard deviation of 10 counts. Starting with a wide initial support, we reconstructed the image using both hybrid input-output and error-reduction in an alternating fashion. The shrinkwrap procedure was used to adaptively update the support [26] . The results of these simulations can be seen the first two columns of Fig. 2 . In this figure, each row has a different SNR. The top row is simulated such that we get 10 8 counts in the brightest pixel, leading to a SNR of 10 4 in the center of the diffraction pattern. The second and third row have SNRs of 1.8 · 10
3 and 0.6 · 10 3 respectively. For DSI, we simulated several datasets with noise levels similar to the CDI simulations. This was achieved by adding Poisson noise and a Gaussian background to the shear interferometry signal. To also account for noise in the phase of the simulated interference pattern, we added a random phase factor to the total of Poisson and Gaussian noise. The amplitude and phase of the simulated diffraction patterns can be seen in the third and fourth columns of Fig. 2 respectively. We verified that this method leads to realistic interference signals by comparing them the result of a full simulated Fourier transform scan. Furthermore, we compared the simulated data to real measured EUV shearing interferometry data (section 3).
Reconstructions of the simulated DSI signals are shown in the fifth column of Fig. 2 . These reconstructions were obtained by combining the algorithm presented in section 2.2 with a shrinkwrap procedure to find the support of the image. In order to compare these results to those obtained from the CDI simulations, we calculate the accuracy of the reconstructions. This is defined as the RMS difference between the reconstruction and input image, averaged over the number of pixels and only calculated for the pixels in the direct vicinity of the original object. This calculation is corrected for spatial shifts and a global phase offset, which are free parameters for CDI. For DSI, we find that there is a limited number of spatial shifts and phase offsets compatible with the measured data. This is directly related to the phase information in the recorded diffraction pattern, as a shift of the object translates to a phase tilt in the far-field diffraction pattern. After shearing according to formula 4, this phase tilt reduces to a phase offset in the measured data. Reversing the process shows that a phase offset in the measured data leads to a shift of the reconstructed object, and any image reconstruction has to match this constraint.
From the reconstruction accuracy comparison in the sixth column of Fig. 2 , it is clear that DSI consistently leads to a better solution than single-beam CDI. In addition, the reconstruction of DSI patterns appears to converge slightly faster than the reconstruction of single-beam CDI patterns. There are various parameters which influence the performance of DSI reconstruction, of which the value of the shear is the most critical. For the simulations presented in Fig. 2 , we assumed that the shear was known accurately. For real measurements, accurate initial knowledge of the shear may not be possible, especially in cases where the shear has to be known with sub-pixel accuracy. In such cases, it is possible to extend the phase retrieval algorithm with a shear optimization step. As will be mentioned in section 3, for our present reconstructions we have used a manual search to find the correct shear.
Furthermore, the value of the shear has a strong influence on the measured signal and therefore on the retrieval process. If the shear is reduced to zero, the shear interferometry signal reduces to the single-beam far-field diffraction pattern and the phase information is reduced to zero. As the shear is increased, both the intensity of the diffraction pattern and the phase information become more complex-structured. Finally, very large shears lead to a reduced overlap between the diffraction patterns, leading to a weaker signal that is more sensitive to noise. We simulated several measurements with different shears, and found that larger Each row compares the two methods for identical signal-to-noise levels. The first two columns show the simulated diffraction patterns and reconstructions, respectively, for single-beam CDI. Columns three and four show the simulated DSI amplitude and phase. Column five shows the image retrieved using our algorithm. Finally, the last column compares the accuracy of both methods. The accuracy is calculated from the mean absolute difference between reconstruction and original image, averaged over the number of pixels. For clarity, the accuracy calculation only considers the direct vicinity of the object.
shears lead to slightly better results and faster convergence, provided that the SNR remained sufficiently high. The shear used in Fig. 2 was approximately equal to one speckle of the diffraction pattern (the inverse of the object size), which is found to be a good compromise between signal strength and noise sensitivity.
3 Experimental demonstration of diffractive shear interferometry using high-harmonics
As already noted in section 2.1, a promising approach to measuring DSI signals is through the use of a setup for Fourier-transform spectroscopy. Such a measurement enables coherent diffractive imaging using all wavelengths present in the illumination. We implement this scheme by employing a phase-locked pair of high-harmonic generation (HHG) sources to perform wavelength-resolved microscopy at EUV wavelengths. The phase-locked EUV pulse pair is produced by HHG upconversion of tightly phase-locked pairs of infrared driving pulses that have been produced by an ultrastable common-path interferometer [23] . Typical parameters of these infrared pulses are a central wavelength of 800 nm, a pulse energy of 1 mJ in each of the beams, a 300 Hz repetition rate and a pulse duration of 25 femtoseconds. A basic layout of the setup used for HHG and subsequent DSI imaging of samples in a transmission geometry is presented in Fig. 3(a) . A typical EUV spectrum generated in Argon measured through Fourier-transform spectroscopy is also shown in Fig. 3(b) .
It is important to note that the HHG spectrum can change significantly due to small changes in the driving laser alignment. The output of a common-path interferometer is focused by the lens into a gas jet confined to tube. The resulting EUV pulse pair is separated from the infrared using an Aluminum filter and detected using an Andor Ikon-L CCD camera. A transmissive object can be positioned between the Aluminum filter and the camera using a remotely controlled translation stage. (b) Typical high-harmonic spectrum generated in Argon, measured through Fourier-transform spectroscopy in the same setup without an object in the beam.
Fourier-transform holography
As a first experiment, we used focused ion-beam milling to fabricate the sample shown in Fig. 4(a) . The sample consists of our institute logo and in addition three circular apertures with diameters 12, 4 and 1 µm, respectively. The apertures act as references for Fourier-transform holography (FTH) by providing a spherical wave which interferes with the diffraction pattern arising from the logo [16] . For such a sample, a spatial Fourier-transform of the far-field diffraction pattern directly yields multiple images of the sample. The resolution of these images is determined by the diameter of the associated reference aperture. Therefore, FTH can provide an initial low-resolution guess of the image from which it is possible to determine the support. It is then possible to use phase-retrieval methods to improve the image resolution and contrast [15, 25] . The results obtained with only FTH are shown in Fig. 4 . We used Fourier-transform spectroscopy to retrieve monochromatic shear interferometry signals for several individual high-harmonics. The spectral resolution in this experiment is 96 THz, providing an effective bandwidth ∆λ/λ of approximately 1/100 for the retrieved shear interferometry signals around 30 nm wavelength. As an example, we show the amplitude and phase of the shear interferometry signal for the 25th harmonic at 32 nm in Fig. 4(c) and (d) respectively. To illustrate the importance of the phase pattern, Fig. 4(e) shows the hologram calculated from the amplitude data alone, which has low contrast and contains clear distortions. We find that it is possible to retrieve a good-quality hologram from the shear interferometry signal if both measured amplitude and phase are used to calculate the hologram, as shown in Fig. 4(f) . Note that the holograms arising from the 1 µm aperture are not visible, which is probably due to limited signal-to-noise.
DSI reconstruction
The holography results provide a decent starting point for electric field reconstruction using DSI. For this reconstruction the holography result is used to determine an initial support. The determination of the initial support is slightly complicated by the presence of the reference apertures, as it is important to position the supports for the apertures at the correct positions relative to each other and to the main object. To accommodate for slight errors in this process, we start the image reconstruction with an object support that is larger than the image obtained through holography. The object support is determined from the hologram by thresholding and expanding the result by a few pixels. We found that applying the object support using a linear combination of error reduction and hybrid input-output leads to the best convergence.
As with the DSI simulations, we combine the image reconstruction with a shrinkwrap routine. In addition, we performed a manual parameter search to find the optimal value for the shear. A simple search algorithm was used to find the phase offset in the measured data. As shown in Fig. 5 , we were able to reconstruct high-quality images using this approach for four individual high-harmonics between 28 and 35 nm from a single measurement.
DSI imaging of complex objects
To verify that DSI also works for more complicated physical data, we fabricated another sample, shown in Fig. 6(a) . It was produced by focused ion-beam (FIB) milling in a 100 nm gold layer on top of a freestanding 15 nm silicon nitride film. The settings of the FIB caused it to strip most of the gold while leaving a fine and irregular silicon nitride mesh. As the mesh is partially transparent to EUV radiation, this yields a sample that has a complicated pattern of transmission levels. Furthermore, the sample did not contain holographic reference apertures. Similar to the measurement of the holography sample, we are able to obtain monochromatic interference patterns for several wavelengths through an FTS scan. As an example, Fig. 6(c) shows the amplitude and phase of the DSI pattern obtained for the 25th harmonic at 34 nm. In this case, the spectral resolution was 81 THz, yielding an effective bandwidth of 1/109 at 34 nm wavelength. For the reconstruction, the initial object support was now retrieved from the autocorrelation of the sample. The rest of the image reconstruction process was similar to that of the ARCNL logo sample, using a combination of error reduction and hybrid input-output in the object space. The final result is shown in Fig. 6(b) . By calculating the phase-retrieval transfer function, we find that the final result has a resolution of approximately 0.27 µm. This resolution corresponds to the diffraction limit of the captured data. Comparing the SEM and DSI images, it is clear that DSI is able to reconstruct the full complexity of the sample including the partial transmission of the silicon nitride mesh. This demonstrates that DSI is a promising technique to image complex isolated samples.
Conclusions
In conclusion, we have developed the method of diffractive shear imaging, in which the full electric field of a diffraction pattern is reconstructed based on the measurement of a single sheared diffraction pattern. Comparing the algorithm to standard phase retrieval methods for traditional CDI, we find that our method consistently yields more accurate results. In addition, the phase retrieval process converges slightly faster than traditional approaches. As DSI signals can be easily measured using spatially-resolved Fourier-transform spectroscopy, this approach is ideally suited for multi-wavelength coherent diffractive imaging [27] . In particular, this approach is interesting for CDI using high-harmonic generation sources, which produce a broad range of narrowband harmonics at extreme ultraviolet wavelengths. We have demonstrated high-resolution microscopy on two different samples using several high-harmonics at wavelengths between 28 and 35 nm. There are several possible extensions which may lead to an even more versatile imaging technique. For example, rotation of the sample enables the measurement of shear interferometry signals at different effective shears. A set of these measurements can greatly enhance the image retrieval, and reduce the need for a well-defined object support. Furthermore, combining diffractive shear interferometry with ptychographic techniques can lead to a greater field of view while still preserving spectral sensitivity.
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